Abstract: Phase transitions of kappa and iota carrageenan in KCl, NaCl, and CaCl 2 solutions were separately studied during heating and cooling processes by using fluorescence technique. Scattered light, I sc and fluorescence intensity, I was monitored against temperature to determine the critical transition temperatures and exponents. Kappa and iota carrageenans with monovalent (KCl, NaCl) salt system presented only coil to double helix (c-h) and double helix to coil (h-c) transitions upon cooling and heating processes, respectively. Two transition regions were observed in both heating and cooling of the iota carrageenan in CaCl 2 solution while in kappa carrageenan only (c-h) and (h-c) transitions was detected. During heating, dimers decompose into double helices by making (d-h) transition. At the high temperature region (h-c) transition takes place. During cooling, back transitions repeat themselves. A hysteresis was observed between (h-c) and (c-h) for the kappa and iota carrageenan salt system (except CaCl 2 ), respectively. Dimer to double helix (d-h) and double helix to dimer (h-d) transitions were observed for iota carrageenan in CaCl 2 salt. The gel fraction exponent  was measured and found to be in accord with the classical Flory-Stockmayer Model for both kappa and iota carrageenan salt systems.
Introduction
Among the large number of systems that are liable to form three dimensional network (e.g. steroids, polymers), gels prepared from either synthetic polymers or biopolymers have received and are still receiving considerable attention. These polymeric gels break down into two main categories depending upon the process whereby the elements of the network are connected: chemical gels and physical gels [1] . In general, chemical gels formed by chemical bonding are irreversible gels, since they cannot be dissolved again. However, physical gels are thermoreversible gels. Many of the natural polymer gels fall into the class of physical gels.
Carrageenans are copolymers of alternating 1,4-linked -D-galactose and 1,3-linked -D-galactose. They are extracted from red seaweeds and come in three major types designated by means of greek letters ,  and . Only iota (-) carrageenan and kappa (-) carrageenan possess gelling capability.
-carrageenan is known to form thermally-reversible gels as a function of temperature and gel inducing agents cations such as K + and Na + [2] . -carrageenan assumes a random coil conformation in the sol state, and low temperature induce twisting of anhydro-galactose sequences into double helices. The gelation process of 2 carrageenan solutions has been described by two mechanisms. In the first mechanism, crosslinks are formed by segments of a double helix. These segments are then aggregated by ions as K + [3] . In the other mechanism, monohelices are formed which are subsequently aggregated by K + ions to dimers, trimers etc. [4] .
Fig 1.
Molecular structure of intramolecular K + bridge in -carrageenan.
In -carrageenan intramolecular bridges are formed in the presence K + ions. A bridge is formed first by an ionic bond between K + and the sulfate group of the one Dgalactose residue and second by an electrostatic bond between K + and the anhydro-O-3,6-ring of the other D-galactose residue [5] (Figure 1 ). Many intra molecular cation bridges serve to keep the polymer chain rigid, which results in an intermolecular association.
Phase transition temperatures, rheological properties, and gel network characteristics during sol-gel and gel sol transitions of -carrageenan-salt solution were studied by several groups. The effectiveness of increasing gelling and gel-melting temperatures at the salt concentrations were examined by following the sequence of K + > Ca 2+ > Na + in KCl, CaCl 2 and NaCl solutions, respectively [6] [7] [8] [9] [10] .
-carrageenan is the most highly sulfated of the helix-forming polysaccharides, which has a high molecular weight linear polymer consisting principally of an alternating sequence of 3-linked -D-galactose 4-sulfate and 4 linked 3,6-anhydro--D-galactose 2 sulfate. Thus, each monosaccharide unit in the ideal polysaccharide carries one sulfate group, and therefore -carrageenan behaves in aqueous solution as a highly charged polyanion in the extended confirmation [11] . According to X-ray Diffraction data, the polysaccharide has a double helix conformation in the solid phase, while its calcium salt takes a three-fold right-handed double helix with paralel strands [12] [13] [14] .
In solution -carrageenan is reversibly transformed from an ordered to a disordered conformation. Naturally at high ionic stregth and low temperature -carrageenan forms an ordered state. Upon heating, the helices dissolve and the -carrageenan forms a random coil conformation [15] .
In the more ionic iota carrageenan, the gelation mechanism is different from kappa carrageenan. Divalent cations such as Ca 2+ ions are more effective in iota carrageenan than monovalent cations (K + , Na + ). It was shown that the increase in Young's modulus with concentration is much faster for -carrageenan in CaCl 2 solutions than in KCl solution [16] , which in turn is much faster than NaCl solutions. However monovalent cations may construct intramolecular bridge in between the anhydro-bridge oxygen atom and the sulfate group linked at C-4 of the D-galactose residues. On the other hand, upon cooling, intermolecular Ca 2+ bridging may also take place between different molecules: the oxygen group of the sulfate groups at C-2 of the anhydro-D-galactose residues may contribute to the intermolecular Ca The aim of this work is to study sol-gel and gel-sol transitions of  and  carrageenan in KCl, NaCl and CaCl 2 salts using fluorescence technique. Both scattered, I sc and fluorescence intensities, I were monitored against temperature. The necessary correction on the pyranine intensity was made to produce the real phase transition curves. Coil to double helix and double helix to coil transition temperatures (T ch and T hc ) were determined for each curve of samples in various salt content. It was observed that T ch and T hc values increased by increasing salt content. The gel fraction exponent  was found to be in accord with the classical Flory -Stockmayer model during the thermal phase transitions. This theory predicts that helices and double helices should form Cayley tree structure in the gel network. It can be seen from the Figures 4b and 4e that I sc increased upon cooling the kappa carrageenan samples indicating that the turbidity of the gel increased. Upon cooling, random coils transform to helices and double helices and then they are aggregated to higher order assemblies in order to create an infinite network. This process is called coil to double helix (c-h) transition.
Results and Discussion
During the heating, the gel system goes to a double helix to coil (h-c) transition. However fluorescence intensity, I presented the reverse behavior compared to I sc . We expect that I should decrease by increasing temperature due to quenching of pyranine in coil rich environment. In order to elaborate the above results; the fluorescence intensity, I has to be corrected by taking into account the behavior of the scattered light intensity to produce the real change in the fluorescence intensity. . Figure 5c and 5f compare the hysteresis loops of iota system in K + and Ca 2+ cations where it is interesting to see the importance of the cation behavior in iota carrageenan system. Figure 5f that I c varies on heating the sample, first indicating that a low temperature transition takes place and reaches a minimum. Further heating causes an increase in I c around 80 o C predicting high temperature transition takes place. On the other hand, corrected fluorescence intensity, I c decreases when the sample is cooled down, which indicates that the high temperature back transition occurred. Subsequent cooling of the sample produce a return to the low temperature phase transition.
It is seen in
In order to interpret the results in Figures 5f we have followed the model on aggregation of iota carrageenan helices which was proposed by Morris et al. [3] . According to this model, there are two levels of ordering of -carrageenan in solutions and gels. This ordering of the polysaccharides can be in the form of a double helix or clusters of double helices, which may call dimers. This model can be explained by the following scheme,
where C is the random coil, H 2 is the double helix and [H 2 ] 2 is the double helix dimer.
This model predicts high temperature transition during cooling which may correspond to coil to double helix (c-h) transition. In other words during (c-h) transition, double helix aggregate form a separate phase by excluding water from their domains, and as a result the -carrageenan-water system decomposes into two phases with different network concentrations. So that I c decreases due to the quenching of excited pyranine molecules in this two phase system more than they do in perfectly 6 coiled medium. At low temperature region, however further cooling causes the formation of double helix dimers i.e., double helix to dimer (h-d) transition occurs during cooling the carrageenan -water system. The mechanism of the sol-gel transition has been described in terms of the percolation theory by a number of authors [17, 18] . According to this theory in the sol state, molecules of the solute join into small aggregates, called clusters, which grow in size during gelation. The sol-gel phase transition from the sol state to the gel state occurs when small clusters link together and form a single giant cluster which occupies most of the volume. The moment at which the giant cluster is just started to appear, indicates the gel point, c pp  , where the conversion factor p is the fraction of the bonds which have been formed between the molecules. Therefore, the system is called a gel for p above p c , a sol for p below p c . In the gel state, the number of finite clusters decreases during gelation, wheras the size of the giant cluster grows until all molecules are involved in its network. For the critical exponents near the sol-gel phase transition classical theories like those of Flory-Stockmayer [19] predict one set of exponents, whereas scaling theories based on lattice percolation [17, 20] predict different exponents. The two groups of theories differ in their treatment of intramolecular loops, namely space dimensionality, and excluded volume effects, in order to describe the sol-gel transition. The exact solution of the sol-gel transition was first given by Flory and Stockmayer on a special lattice called a Bethe lattice on which the closed loops are ignored. The critical exponents for the weight average degree of polymerization, DP w and the gel fraction, G both are equal to unity independent of the dimensionality in the Flory-Stockmayer model which is also called classical theory. In order to quantify the results given in Figures 4c, 4f, 5c and 5f the critical behaviour of the gel fraction, G near the gel point is defined as [17] .
where  is the critical exponent and A is the critical amplitude. 
Using the relation
where A is another critical amplitude and T c is the critical transition temperature. In (c-h), (h-c), (d-h) and (h-d) transitions I c can be taken as I ch , I hc , I dh and I hd , respectively. Also T c can be written T ch , T hc , T dh and T hd , respectively.
In order to quantify the data in Figures 4c and 4f , the first derivatives of the I c curves are taken and plotted for the (c-h) and (h-c) transitions in Figure 6 , respectively. The peak positions produce the coil to double helix (T ch ) and double helix to coil (T hc ) transition temperatures. Similar curves were produced for the data in Figure 5f and plotted in Figure 7a for the high temperature region which provide coil to double helix (T ch ) and double helix to coil (T hc ) transition temperatures. At low temperature region dimer to double helix (T dh ) and double helix to dimer (T hd ) transition temperatures are produced and plotted in Figure 7b for the I2Ca04 sample.
The measured transition temperatures are listed in Table 1 and 2 for kappa and iota carrageenan samples, respectively. If one carefully analyzes the numerical values in these tables, then it can be seen that T hc and T ch temperatures are strongly affected by the salt content and salt type. For example, kappa carrageenan samples with KCl present higher transition temperatures than with NaCl in both (c-h) and (h-c) transitions. Also temperatures increase by increasing the salt content for a given carrageenan concentration. High salt content in the sol system cause a delay in thermal phase transition, so transition occurs at relatively higher temperature. In other words stronger gels can be formed in high salt content samples than low content samples.
Tab. 2.
The symbols and the transition temperatures of the studied iota carrageenan gels.
Samples Salts Salt content (wt%) Coil to double helix temperatures are smaller than double helix to coil temperatures. Forming helices from the coils are energetically more possible and requires small temperatures; however disassociation of helices to coils needs more energy so that requires higher temperatures.
On the other hand it is seen in Table 1 that stronger kappa carrageenan gels are formed in KCl, compared to other salts. However iota carrageenan gels like CaCl 2 more than they do NaCl and KCl, i.e. they form very strong gels in CaCl 2 salt.
The double logarithmic plots of the data in Figure 4c and 4f for the (c-h) and (h-c) transitions are presented in Figure 8 for the C2K04 and C2Ca04 samples. The slope of the straight lines produce critical exponent  which are listed in Table 3 .
Same process was applied to data in Figure 5f for I2Ca04 sample to determine the critical exponents during (d-h), (h-c), (c-h) and (h-d) transitions. The results are presented in Figure 9 and the obtained critical exponent values are given in We can compare these results with the results produced in similar systems. The critical exponent,  and  corresponding to the cluster mass and correlation length were measured for the polysaccharide gellan gum by using the dynamic and static light scattering techniques. Results are in good agreement with the lattice percolation model [21] . Critical behavior of kappa carrageenan and iota carrageenan gels was studied using photon transmission method and the critical exponent  was found to be in accord with the classical Flory-Stockmayer theory [22, 23] .
Tab. 4. The critical exponents,  near the (c-h), (h-d), (d-h) and (h-c) transitions for the iota carrageenan-salt system. 
Conclusions
The effectiveness of salts in influencing the transition curves is studied. It is seen that monovalent cations K + and Na + in iota carrageenan behave like in kappa carrageenan. Divalent cation Ca 2+ is more effective in iota carrageenan. The gel fraction, G for all transitions in carrageenan systems obeyed classical FloryStockmayer Model where the critical exponent was measured around 1.0. It is important to note that the value of  does not change by changing the cations or the type of carrageenan. Critical exponents at various salt contents were found to be independent of the ion content in the system. All kappa and iota carrageenan systems under consideration are found to belong to the same universality class. However critical temperatures are found strongly correlated to the salt content and salt type.
Experimental
Powder form of kappa (Sigma C-1013) and iota carrageenan (Sigma C-1138) and pyranine (8-Hydroxypyrene-1,3,6-trisulfonic acid trisodium salt, Fluka 56360) were used to prepare gels by dissolving them in various salts at the desired concentrations. Pyranine concentration was taken as 2x10 -4 M for all samples. The heated carrageenan sol was held at 80 o C and was continuously stirred by a magnetic stirrer. Then the sol was allowed to cool to room temperature. Here mainly two types of experiments were designed; at first kappa carrageenan gels were prepared in various NaCl, CaCl 2 and KCl solutions separately. Kappa carrageenan content in the sample was kept constant in 2%. Second type of experiments was performed by constant iota carrageenan content (2%) in various NaCl, CaCl 2 and KCl solutions. The compositions and the symbols of the studied kappa and iota carrageenan gels in various types of salts and concentrations are presented in Table  1 and 2, respectively.
The fluorescence intensity measurements were carried out using the Varian Cary Eclipse Fluorescence Spectrophotometer equipped with temperature controller. Pyranine was excited at 323 nm and emission was detected at 515 nm during in situ experiments. Variation in the scattered and fluorescence emission intensity of the pyranine were monitored as a function of temperature.
Sol-gel and gel-sol transitions were performed in a 1x1x4.5 cm 3 glass cell equipped with a heat reservoir. Before measurements, the sample was melted and then cooled to ambient temperature so that the sample in the glass cell was distributed uniformly. Then the gels were reheated with scan rate 0.72 o C/min to obtain the gel-sol transition. Cooling of the carrageenan sol was then performed at the same rate to detect the sol-gel transition. Both scattered, I sc and fluorescence intensities, I were monitored against temperature.
